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Relaxation kinetics of photoexcitations in polydiacetylenes ~PDA’s! has been investigated using femtosec-
ond fluorescence spectroscopy. Transient response of the fluorescence in red-phase PDA has decay time
constants of 160640 fs, 0.860.1 ps, and 6.760.4 ps. The decay kinetics is consistent with transient absorbance
changes observed by femtosecond photoinduced absorption spectroscopy. On the other hand, the fluorescence
in blue-phase PDA disappears much faster than the transient absorbance change. The photoexcitations in
red-phase PDA are fluorescent during the whole relaxation kinetics, but the photoexcited exciton in blue-phase
PDA relaxes to nonfluorescent state within 170 fs. @S0163-1829~99!15447-X#Optical and electrical properties of conjugated polymers
have attracted enormous attention because of their large va-
rieties and ultrafast optical nonlinearities. Among conjugated
polymers polydiacetylenes ~PDA’s! have special interests,
because PDA’s have several phases named according to their
colors and also have various morphologies, i.e., single crys-
tals, thin films, and solutions.1,2 The ultrafast optical re-
sponses in PDA’s have been intensively investigated using
femtosecond absorption spectroscopy.3–8 The transient ab-
sorbance changes in both blue- and red-phase PDA’s show
spectral shift with time constant of about 150 fs and disap-
pear within several picoseconds. The spectral shift is very
large and occurs independently of their morphologies, so it
has been explained in terms of the self-trapped exciton
~STE!. The geometrical relaxation of the PDA chain due to
the STE has been observed by time-resolved Raman
spectroscopy.9
The relaxation kinetics in blue- and red-phase PDA’s has
been explained using the same processes with different time
constants in an earlier study.7 First, photoexcited free exciton
~FE! converts to nonthermal STE within a phonon period of
10–20 fs. The nonthermal STE relaxes to the bottom of po-
tential curve of the STE ~quasithermal STE! and thermalizes.
The time constants of the relaxation and thermalization are
about 150 fs and 1 ps, respectively. Finally, the STE relaxes
to the ground state with a decay time of 1–2 ps in blue-phase
PDA and about 5 ps in red-phase PDA. However, this model
cannot explain fluorescence of PDA’s. Blue-phase PDA,
which is sometimes called nonfluorescent polymer, has much
smaller fluorescence yield than red-phase PDA. The differ-
ence is much larger than the difference of the STE lifetime.
A model has been proposed by Kobayashi et al. to explain
the small fluorescence yield in blue-phase PDA.10 In this
model, the photoexcited 1Bu exciton relaxes to the nonfluo-
rescent 1Ag state, which lies lower than the 1Bu exciton.11
Recently, Le´cuiller et al. reported that blue-phase PDA has
the fluorescence only from the 1Bu FE.12 The 1Bu FE in
blue-phase PDA is expected to relax to the 1Ag state instead
of the 1Bu STE.
The red-phase PDA’s have considerable fluorescence
yield. The fluorescence spectrum has a peak around 2.2 eVPRB 600163-1829/99/60~23!/15632~4!/$15.00and clear phonon sideband.6,13–15 However, the effect of the
self-trapping on the fluorescence has not been clarified, be-
cause the Stokes shift is small and depends on the sample.
The fluorescence without the Stokes shift has been reported
in isolated red-phase PDA chains,12 but the phonon sideband
of the fluorescence is much weaker than that of the usual
red-phase PDA’s. The isolated red chains are considered to
have the different structure that has very weak exciton-
phonon coupling.
The time-resolved absorption spectroscopy is very useful
in investigating the relaxation processes, but it is difficult in
distinguishing the 1Bu and 1Ag states. The time-resolved
fluorescence spectroscopy is very important to clarify the
relaxation kinetics. Recently, the fluorescence in other con-
jugated polymers has been measured with interest in appli-
cation to electroluminescent devices,16–18 but the femtosec-
ond fluorescence has not been investigated in PDA’s. In the
picosecond region, the fluorescence in a red-phase PDA has
been observed using a streak camera, but the time resolution
is not enough for the study of the initial relaxation.6 The
stimulated emission in a blue-phase PDA has been measured
using probe saturation spectroscopy with femtosecond
resolution.8 The observed stimulated emission has a peak
near 1.9 eV, and the lifetime is estimated to be 140 fs. How-
ever, this method uses intense probe pulses to obtain the
saturated signal, so there is the possibility that the signal is
distorted by other nonlinear effects.
In this study, the fluorescence in blue- and red-phase
PDA’s has been investigated using the femtosecond up-
conversion technique. The transient fluorescence shows large
difference between blue- and red-phase PDA’s. The decay
kinetics of the fluorescence is compared with the results ob-
tained by the femtosecond absorption spectroscopy.
Samples used in this study were well-known soluble
PDA’s: PDA-3BCMU poly@4,6-docadiyn-1,10-diolbis~n-
butoxycarbonylmethylurethane!# and PDA-4BCMU
poly@5,7-dodecadiyn-1,12-diolbis~n-butoxycarbonylmethyl-
urethane!#.19 Thin films of PDA’s were prepared by casting
condensed solution in chloroform on glass substrates. The
cast films of PDA-3BCMU and PDA-4BCMU were blue-15 632 ©1999 The American Physical Society
PRB 60 15 633BRIEF REPORTSand red-phase PDA’s, respectively. All experiments in this
work were performed at room temperature.
The transient fluorescence was measured using the femto-
second up-conversion technique.20 The femtosecond light
source was a mode-locked Ti:sapphire laser ~Avesta!
pumped by a cw Ar laser ~Coherent, Innova 310!. Typical
characteristics were 300 mW average power at 800 nm and a
pulse duration of 90 fs. The second-harmonic pulses ~400
nm, 3.1 eV! were used as pump pulses. The fluorescence and
the fundamental pulses were focused on a b-BaB2O4 crystal
for sum-frequency generation. The sum-frequency light was
measured by a gated photon-counting technique to subtract
stray light. The resolution time obtained from the full width
at half-maximum of the cross correlation between the pump
and fundamental pulses is 280 fs. The stationary fluorescence
spectra were measured by a photon counting system, which
consists of a monochromator ~JOBIN YVON, U-1000!, a
photomultiplier ~Hamamatsu, R943-02!, and a photon-
counter ~Stanford, SR400!.
Figure 1 shows stationary absorption and fluorescence
spectra in ~a! blue-phase PDA-3BCMU and ~b! red-phase
PDA-4BCMU. In blue-phase PDA, the absorption spectrum
has a peak due to the lowest 1Bu exciton at 2.0 eV, and the
fluorescence has a weak and broad peak around 1.9 eV. The
fluorescence above 2 eV is assigned to short conjugated
polymers in the cast film, because the intensity shows sample
dependence. The 1.9-eV peak is assigned to the lowest 1Bu
exciton, because it is also observed by the 2.0-eV pump
pulse. The broad fluorescence peak is expected to consist of
the lowest 1Bu exciton and its phonon sideband. The Stokes
shift is considered to be very small as observed in other
blue-phase PDA’s.12
In red-phase PDA, the absorption spectrum has a peak
due to the 1Bu exciton at 2.32 eV. The fluorescence spec-
trum shows a good mirror image of the absorption spectrum
and has two clear peaks at 2.23 eV and 2.1 eV. They are
FIG. 1. Stationary fluorescence induced by the 3.1-eV pump
pulse and absorption spectra of ~a! PDA-3BCMU ~blue-phase! and
~b! PDA-4BCMU ~red-phase!.assigned to the lowest 1Bu exciton and the phonon sideband,
respectively. The Stokes shift of the fluorescence is about
0.09 eV.
In the early relaxation model,7 the photoexcited excitons
in blue- and red-phase PDA’s have been considered to have
same decay kinetics with different time constants. Since STE
in blue- and red-phase PDA’s can be assumed to have similar
radiative transition rate, the ratio of the stationary fluores-
cence intensity should be nearly equal to the ratio of the STE
lifetime. However, the fluorescence intensity in blue-phase
PDA is weaker than one-tenth of that in red-phase. The ratio
cannot be explained by the change of the lifetime. The exci-
tons in blue- and red-phase PDA’s is expected to have dif-
ferent relaxation processes.
The transient fluorescence in the blue-phase PDA-
3BCMU was observed at several photon energies between
2.2 and 1.7 eV. Figure 2 shows the transient fluorescence at
1.9 eV. The 3.1-eV pump pulse excites much higher excited
states than the lowest 1Bu exciton, but the rise of the fluo-
rescence cannot be time resolved. This means that the relax-
ation from higher excited states to the lowest 1Bu exciton is
much faster than the time resolution. The decay kinetics of
the fluorescence has an initial fast decay and a small long-
lived component. The solid curve in Fig. 2 shows the best fit
of a biexponential decay function. When the longer lifetime
is fixed as infinite ~@10 ps!, the shorter lifetime is obtained
as 170640 fs and is independent of the observed photon
energy. The long-lived component is assigned to the excita-
tions in the short conjugated polymers, because the intensity
is larger at higher photon energy than 2 eV. The shorter time
constant is almost equal to the time constant of the fast spec-
tral shift observed by the absorption spectroscopy. However,
the fluorescence does not have the 1.5-ps component that
corresponds to the decay of the absorbance change. The pho-
toexcited exciton in the blue-phase PDA becomes nonfluo-
rescent within 170 fs.
The fluorescence and absorbance changes in the blue-
phase PDA are explained based on the proposed model as
follows.10 The photoexcited 1 1Bu FE has two relaxation
paths. The first one is the conversion to the 2 1Ag state and
the other is the relaxation to the STE. The FE can be coupled
with the oscillations in the PDA main chains and becomes
the nonthermal STE.21,22 However, the fluorescence from the
STE state has not been observed,12 so the conversion to the
2 1Ag state is the initial process. Then, the relaxation to the
FIG. 2. Transient fluorescence at 1.9 eV in blue-phase PDA-
3BCMU. A solid curve represents the best fit of biexponential de-
cay with the convolution of the resolution time.
15 634 PRB 60BRIEF REPORTSquasithermal 2 1Ag STE is expected to occur successively.
These relaxations are observed as the decay of the fluores-
cence with the time constant of about 170 fs and as the fast
large spectral change of the photoinduced absorption. Fi-
nally, the quasithermal 2 1Ag STE relaxes to the ground state
with the time constant of 1–2 ps. The photoinduced absor-
bance change decreases with this time scale. Since the 2 1Ag
state is nonfluorescent, the transient fluorescence disappears
very rapidly and the stationary fluorescence is very weak.
The relaxation kinetics in the blue-phase PDA is written as
1 1BuFE ——→
’170 fs
quasithermal 2 1Ag STE
——→
1 – 2 ps
ground state.
The transient fluorescence in the red-phase PDA-4BCMU
was observed at several photon energies between 2.4 and 1.8
eV. The transient responses can be fitted to biexponential
decay functions as shown in Fig. 3. The fluorescence at 2.3
eV disappears rapidly with the time constants of 160640 fs
and 1.960.1 ps. At lower photon energy, the fluorescence
disappears more slowly. This means that the transient fluo-
rescence shifts to lower energy. The fluorescence at 1.9 eV
disappears with the time constants of 0.860.1 ps and 6.7
60.4 ps. The obtained time constants are comparable with
those in the transient absorbance changes.6,7 The 160-fs de-
cay is consistent with the fast spectral shift of the absorption,
and the 0.8-ps and 6.7-ps components correspond to the slow
spectral shift and the decay of absorbance change, respec-
tively. The 1.9-ps component at 2.3 eV is considered to be
the mixture of the 0.8-ps and 6.7-ps components. The fluo-
rescence spectra of the three components are estimated as-
suming that the transient responses at each photon energy
can be represented by the three time constants. The peak of
the 160-fs component is estimated as about 2.3 eV, and the
peak of the 0.8-ps component is about 2.2 eV. The 6.7-ps
component shifts to slightly lower energy than the 0.8-ps
FIG. 3. Transient fluorescence at ~a! 2.3 eV and ~b! 1.9 eV in
red-phase PDA-4BCMU. Solid curves represent the best fits of
biexponential decay with the convolution of the resolution time.component, but the shift is much smaller than 0.1 eV. In
red-phase PDA, the time constants observed by the absorp-
tion spectroscopy has also been observed by the fluorescence
spectroscopy. The photoexcited exciton in the red-phase is
expected to be fluorescent during the whole relaxation pro-
cesses.
If the observed fluorescence in red-phase PDA is due to
disorder in polymers, the difference in blue- and red-phase
PDA’s can be explained by the sample quality using a quali-
tatively same relaxation model. The fluorescence in red-
phase PDA with large disorder has been already investigated
using a streak camera.7 The observed fluorescence has fast
and slow components. The slow component, which has a
peak with a large Stokes shift at 2.04 eV, is assigned to the
disorder, and the decay kinetics is explained by the trapping
of excited states at the disorder. The fast component is as-
signed to the photoexcited exciton, but the decay kinetics has
not been time resolved. Since the fluorescence observed in
this study corresponds to the fast component observed by the
streak camera, it is assigned to the intrinsic excited states,
which is independent of the disorder. Therefore, the relax-
ation processes in blue- and red-phase PDA’s should have
qualitative difference.
The relaxation in red-phase PDA can be explained by the
early STE model.7 The photoexcited 1 1Bu FE in red-phase
PDA’s relaxes to the quasithermal 1 1Bu STE. The FE is
expected to convert to the nonthermal STE very fast, but it
cannot be observed in this study. The relaxation to the qua-
sithermal 1 1Bu STE is observed as the 160-fs fluorescence
shift and as the fast and large spectral shift in the photoin-
duced absorption. There is the possibility that the fluores-
cence shift is explained by the spectral diffusion in the cast
film sample, because it is comparable with the spectral width
of the stationary absorption. However, the large spectral shift
in the photoinduced absorption cannot be explained by the
spectral diffusion. The fluorescence shift is assigned to the
relaxation to the quasithermal STE. The self-trapping energy
is estimated to be smaller than 0.1 eV. Then, the thermaliza-
tion of the quasithermal 1 1Bu STE takes place with the time
constant of about 1 ps. It is observed as the 0.8-ps fluores-
cence decay and as the slow absorption shift. Finally, the
fluorescence and the absorbance change disappear with the
time constant of about 5 ps due to the relaxation to the
ground state. The relaxation kinetics in red-phase PDA is
summarized as
1 1BuFE ——→
’160 fs
quasithermal 1 1Bu STE
——→
’1 ps
thermalized 1 1Bu STE
——→
’5 ps
ground state.
Since the exciton in red-phase PDA remains in the fluores-
cent 1 1Bu state, the whole relaxation kinetics can be ob-
served by both the fluorescence and absorption spectroscopy.
In summary, the relaxation kinetics in blue- and red-phase
PDA’s has been investigated using femtosecond fluorescence
spectroscopy and compared with the results of the femtosec-
ond absorption spectroscopy. The qualitative difference has
PRB 60 15 635BRIEF REPORTSbeen found in the decay kinetics. The fast fluorescence with
time constant of about 160 fs has been observed both in blue-
and red-phase PDA’s, but the slow fluorescence that corre-
sponds to the relaxation from STE to the ground state has not
been observed in blue-phase PDA. The photoexcited 1Bu
exciton in blue-phase PDA relaxes very rapidly to the non-
fluorescent 2 1Ag exciton, but the exciton in red-phase PDA
remains in the fluorescent 1 1Bu state. The qualitative differ-ence between blue- and red-phase PDA’s may be explained
by energy levels of the 1 1Bu and 2 1Ag excitons. The 2 1Ag
exciton is expected to be lower than the 1 1Bu exciton in
blue-phase PDA, but it is higher in red-phase PDA.
This research was supported in part by a Grant-in-Aid for
Scientific Research from the Ministry of Education, Science
and Culture of Japan and grants from the Nissan Science
Foundation and the Asahi Glass Foundation.1 G. Wegner, Makromol. Chem. 145, 85 ~1971!.
2 D. Bloor, in Polydiacetylenes, edited by D. Bloor and R. R.
Chance ~Martinus Nijhoff Publishers, Dordrecht, Netherlands,
1985!.
3 M. Yoshizawa, M. Taiji, and T. Kobayashi, IEEE J. Quantum
Electron. 25, 2532 ~1989!.
4 B. I. Greene, J. Orenstein, R. R. Millard, and L. R. Williams,
Chem. Phys. Lett. 139, 381 ~1987!.
5 J. M. Huxly, P. Mataloni, P. W. Schoenlein, J. G. Fujimoto, E. P.
Ippen, and G. M. Carter, Appl. Phys. Lett. 56, 1600 ~1990!.
6 M. Yoshizawa, A. Yasuda, and T. Kobayashi, Appl. Phys. B:
Photophys. Laser Chem. 53B, 296 ~1991!.
7 M. Yoshizawa, K. Nishiyama, M. Fujihira, and T. Kobayashi,
Chem. Phys. Lett. 207, 461 ~1993!.
8 A. Yasuda, M. Yoshizawa, and T. Kobayashi, Chem. Phys. Lett.
209, 281 ~1993!.
9 M. Yoshizawa, Y. Hattori, and T. Kobayashi, Phys. Rev. B 49, 13
259 ~1994!.
10 T. Kobayashi, M. Yasuda, S. Okada, H. Matsuda, and H. Nakan-
ishi, Chem. Phys. Lett. 267, 472 ~1997!.
11 B. Lawrence, W. E. Torruellas, M. Cha, M. L. Sundheimer, G. I.
Stegeman, J. Meth, S. Etemad, and G. Baker, Phys. Rev. Lett.73, 597 ~1994!.
12 R. Le´cuiller, J. Berre´har, C. Lapersonne-Meyer, and M. Schott,
Phys. Rev. Lett. 80, 4068 ~1998!.
13 T. Kanetake, Y. Tokura, T. Koda, T. Kotaka, and H. Ohnuma, J.
Phys. Soc. Jpn. 54, 4014 ~1985!.
14 S. Koshihara, Y. Tokura, K. Takeda, T. Koda, and A. Kobayashi,
J. Chem. Phys. 92, 7581 ~1990!.
15 K. Miyano and T. Maeda, Phys. Rev. B 33, 4386 ~1986!.
16 M. Yan, L. J. Rothberg, F. Papadimitrakopoulus, M. E. Galvin,
and T. M. Miller, Phys. Rev. Lett. 72, 1104 ~1994!.
17 G. R. Hayes, I. D. W. Samuel, and R. T. Phillips, Phys. Rev. B
52, 11 569 ~1995!.
18 N. Tessler, G. J. Denton, and R. H. Friend, Nature ~London! 382,
695 ~1996!.
19 H. Onuma, K. Inoue, K. Se, and T. Kotaka, Macromolecules 17,
1285 ~1984!.
20 M. Yoshizawa, K. Suzuki, A. Kubo, and S. Saikan, Chem. Phys.
Lett. 290, 43 ~1998!.
21 J.-Y. Bigot, T.-A. Pham, and T. Barisien, Chem. Phys. Lett. 259,
469 ~1996!.
22 A. Shirakawa, Ph.D. thesis, Tokyo University, 1999.
